Abstract. Environmental chemicals may be involved in the etiology of breast cancer. There is substantial evidence that breast cancer risk is associated with prolonged exposure to female hormones. Among these hormonal influences a leading role is attributed to the ovarian hormone estradiol, since breast cancer does not develop in the absence of ovaries. The rat mammary gland has special characteristics that make it an ideal organ for studying development, cell proliferation and transformation. In vivo and in vitro model systems for cell proliferation and mammary carcinogenesis have allowed morphological and biochemical analysis under different experimental conditions. The aim of this study was to examine the effect of eserine, an acetylcholinesterase inhibitor, as are the organophosphorous compounds malathion and parathion, and 17ß estradiol on cell proliferation and tumor formation that takes place in the rat mammary gland after in vivo and in vitro treatment. These studies showed that eserine and 17ß estradiol were capable of inducing carcinogenesis in the epithelium of rat mammary glands. It was found that there was a significant increase in the number of cells per duct of the 44-day-old rat mammary gland after the 10-day eserine treatment, compared to the control. A higher increase was observed in the animals treated for 10 days with eserine followed by 30-daily injections of estrogen in comparison to control animals. In 12 animals, two mammary tumors were directly developed in response to 17ß estradiol injected at 39 days of age with a latency period of 180 and 245 days, respectively. Such tumors were metastatic to the lung. These results suggest that terminal end buds are major targets related to rat mammary carcinogenesis and 17ß estradiol can be an initiator and promoter in this process.
Introduction
Environmental pollutants may be involved in the etiology of breast cancers because the majority of all human tumors can be attributed to external environmental factors such as tobacco smoke, dietary constituents (additives), pollutants, drugs and pesticides, in conjunction with both genetic and acquired susceptibility (1) . On the other hand, breast cancer is the most frequent malignancy in a hormone-regulated organ and there is much evidence that breast cancer risk is associated with prolonged exposure to naturally occurring female hormones. Early onset of menarche, late menopause, hormone replacement therapy and postmenopausal obesity are associated with greater incidence of cancer (2) (3) (4) (5) . Among these hormonal influences the estradiol from ovarian or extra-ovarian origin is considered a major contributor since breast cancer does not develop in the absence of ovaries. The removal of the ovaries can cause the regression of established malignancies, and in experimental animal models estrogens can induce mammary cancer (6) .
Eserine [(3,S-cis)-1, 2, 3, 3, 8, 8 -Hexahydro-1, 3, 8-trimethylpyrrolo (2,3-b) indol-5-ol methylcarbamate] is an acetylcholinesterase inhibitor, as are the organophosphorous compounds malathion and parathion. It is an ester obtained from the Calabar Bean, the seeds of the vine Physostigma venenosum. It is used as a miotic drug and for the atony of gastrointestinal tract, but it is very toxic if directly inhaled or swallowed. Eserine is incorporated through the epithelium of the skin, mouth, and respiratory tract. It is responsible for the hydrolysis of choline esters found in the body, including the acetylcholine present at cholinergic synapse (7) (8) (9) . The inhibition of acetylcholinesterase increases the availability of acetylcholine, which in turn can stimulate cholinergic receptors producing both nicotinic and muscarinic effects in the organism such as muscle contractions and secretions in many glands (8) .
The rat mammary gland is an organ with characteristics that make it ideal for studying the development, cell proliferation and transformation of cancer. It has been shown that cell proliferation in the rat mammary gland occurs in a non-random fashion since specific compartments react with varied rates of proliferation (10, 11) . The structure of a normal rat mammary gland is composed of a single primary or main lactiferous duct that branches into secondary ducts at birth and during the first week of postnatal life. During the second week, further sprouting of ducts occurs up to the sixth cell generation. This sprouting of ducts causes a marked increase in the density of terminal end buds (TEBs), which reach their maximum magnitude when the animal is 21-days old (10) . Such structures are narrow and straight and end in small, club-shaped terminal structures composed of three to six layers of medium-sized epithelial cells from which numerous TEBs begin to differentiate and cleave into smaller alveolar buds (ABs) from which lobules are formed (10, 11) . The differentiation of the mammary gland induces a progressive decrease in the number of TEBs and a concomitant increase in the number of ABs.
Models to study mammary carcinogenesis have been developed with the chemical carcinogen, dimethylbenz [a] anthracene, in Sprague-Dawley rats (12) . Such substances induced mammary carcinomas in 100% of the animals with a latency period of 86 days. Another study also reported neoplastic transformation of epithelial cells by the effect of a single administration of N-methyl-N-nitrosourea (NMU) in mammary glands in vivo (13) . Another widely used experimental system to study mammary cancer has been one induced by NMU in Fischer 344 rats (14) . The administration of DMBA to virgin rats of different ages induced tumors with an incidence that was directly proportional to the density of highly proliferating TEBs (10) .
To study cell proliferation of mammary glands we need in vitro systems that allow the study of morphological and biochemical parameters under different experimental conditions. In vitro model systems have been extensively used to study the processes of initiation, progression and metastasis. Several authors have developed models to study these processes (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Most of them give a unique opportunity for studying mammary gland changes that can occur by the effect of different exogenous and endogenous substances. Recently, it has become possible to make the culture environment closer to that found in vivo. Structures of the mammary gland, such as TEBs and ABs, can be separated from mesenchyme by enzymatic digestion and then filtered through a controlled pore size (26) . The aim of this study was to examine the effect of eserine sulfate (eserine) followed by 17ß estradiol (estrogen) on cell proliferation and tumor formation that takes place in the rat mammary gland after in vivo and in vitro treatment.
Materials and methods
Isolation of rat mammary gland structures for cell proliferation in vitro studies. Female nulliparaous Sprague-Dawley rats were obtained from the Metropolitan University at Santiago, Chile. Animals were housed and bred in a barrier animal facility operated in accordance with the standards outlined in Guide for the Care and Use of Laboratory Animals (27) . All animals were allowed continuous access to a standard laboratory diet (Champion, Santiago, Chile). The first set of experiments was performed to isolate the mammary gland structures of virgin female rats of 21 and 44 days of age. Four groups of five animals each were injected twice a day subcutaneously for 10 days in the inguinal region of the body. Control animals were injected twice with saline solution and experimental animals with eserine (300 μg/100 g body weight) (bw) (Sigma, St. Louis MO). Mammary glands were removed and processed by enzymatic digestion studies to measure TEBs and ABs yielded in the media. The mammary gland tissue was washed with serum-free media (approximately 10 ml) four times and the wash solution was discarded. The mammary gland tissue was cut in 10 ml wash solution and digested with Type IV collagenase (250 U/ml), hyaluronidase (100 U/ml), 10% fetal calf serum and fungizone (0.25 μg/ml) in medium RPMI. The tissue was digested at 37˚C for 6-24 h with constant rotator shaking at 80 rpm to yield a suspension of intact structures that were counted in a Thomas camera to obtain a specific density, expressed as structures per ml. Then tissue was passed through 90-to 200-μm filters and washed for 2 h to obtain clean structures. Such structures were TEBs (90-μm filters) and ABs (200-μm filters).
Cell proliferation and transformation. Part of the enzymatically digested tissue was filtered though 50-μm filters and then centrifuged at 1200 x g for 10 min and washed for 2 h to obtain isolated epithelial cells. The digested tissues were checked by inverted microscope. After 14 days in culture, the digestion of cells derived from TEBs and ABs was used to determine cell proliferation, by counting the number of cells per dish and anchorage independent growth. The media was enriched with insulin (5 μg/ml) and corticosterone (1 μg/ml) in the different experiments.
Anchorage independence. An anchorage independent assay was used to test for cell growth in a semisolid medium. Cells from 14-day cell cultures of TEBs and ABs isolated from virgin female control and eserine-treated rats of 44 days of age were trypsinized and replated in DMEM/F-12 medium containing 10% bovine serum plus 1.2% methocel. Control and treated cells were plated in 24 multi-well plates of which the bottoms were precoated with an agar layer prepared by adding 5% agar to DMEM/F-12 (2X) medium to give a final agar concentration of 0.9%. Cells were seeded in 0.8% methylcellulose at a concentration of 1x10 4 cells/well. After 3 weeks of incubation, colonies were counted to determine colony number (24) .
The second set of experiments was performed to study the cell proliferation of isolated structures of the mammary glands of 10 virgin female rats of 44 days of age to measure DNA synthesis. Two groups of five animals each were injected twice a day subcutaneously for 10 days in the inguinal region of the body. Control animals were injected with saline solution and experimental animals with eserine (300 μg/100 g bw) (Sigma, St. Louis MO). The DNA synthesis was studied by injecting 3 H methyl thymidine (specific activity 20 μC/μmol, Du Pont New England Nuclear Products, Boston, MA) 18 h after the last eserine injection at a concentration of 10.0 μCi/ml. The animals were sacrificed 5 h after injection. The specific activity, that is [
3 H]-thymidine incorporation into DNA, was measured in cells derived from TEBs from both control and eserine-treated animals, each cultured for 5-days. There was no lobule formation in such animals. DNA synthesis was performed as previously reported (28, 29) .
Histomorphometric analysis in rat mammary glands from in vivo studies. The first in vivo experiment was performed to count the number of cells per structure by the effect of eserine. Five 44-day-old control virgin female rats were injected subcutaneously for 10 days twice a day with physiological saline solution (100 μg/100 g bw) and five with eserine (300 μg/100 g bw). The animals were sacrificed on the day following the last injection and the mammary glands were removed and histologically analyzed. Rat mammary glands were fixed in Bouin's fixative and embedded in paraffin. The glands were oriented flat and serially sectioned at a thickness of 5 μm and stained with hematoxylin and eosin. Histomorphometry, an analysis of cellular structure, was performed using a Baush and Lomb (Rochester, NY, USA) binocular microscope, in which a 1-mm 2 grid was installed in one of the oculars. The measurements were performed with a x10 ocular. Five slides per animal were counted to determine the number of cells, ducts, alveoli, and lobules in the mammary gland of control and treated animals. Mammary gland cell proliferation was determined by counting the number of lobules per duct, alveoli per lobule and cells per duct.
The second in vivo experiment was performed by counting the number of cells per structure affected by eserine for 10 days followed by estrogen for 30 days. There were 3 groups of 44-day-old rats: a) 7 control rats were injected twice daily for 40 days with physiological saline solution (100 μg/100g bw); b) 7 experimental animals were injected with eserine (300 μg/ 100 g bw) daily for 40 days; c) 7 animals were treated with eserine twice a day for 10 days followed by estrogen for 30 days (200 μg/100 g bw) once a day. At the end of this period the animals were sacrificed and the rat mammary gland histology was analyzed and cell proliferation was determined by counting the number of lobules per duct, alveoli per lobule and cells per duct. A total of 20 areas of 1 mm 2 were counted in each gland. The data are expressed as the average ± standard error (SE) of the mean. Thirty cells/field were counted in 15 randomly selected microscope fields (x400) per sample. All numerical data were calculated as means and error standards. Comparison between treated groups and controls was made by Student's t-test. A p value of ≤0.05 between groups was considered to be significant.
The third in vivo experiment was performed to detect the effect of 17ß estradiol alone on cell proliferation. One group of twelve 39-day-old rats was injected subcutaneously with 17ß estradiol (300 μg/100 g bw) (Sigma, St. Louis MO) in the inguinal region of the body, twice a day for 5 days. Another group of twelve 39-day-old rats was injected subcutaneously with saline solution (100 μg/100 g bw) in the inguinal region of the body for 5 days. All the animals were housed three per cage for 10 months and were palpated weekly to detect formation of tumors. Palpable tumors were removed from the animals after one month of detection. At the end of the 10-month observation period, the animals were sacrificed under ether anesthesia and opened by a midline incision from the pubis to the submaxillary area to remove several organs to look for tumor formation. Tumors were fixed in Bouin's fluid, and embedded in paraffin. The blocks were sectioned at a thickness of 5 μm. Deparaffinized sections were stained with hemotoxylin and eosin and the tumors were analyzed under the microscope.
Results
These studies showed that eserine, an acetylcholinesterase inhibitor, is capable of transforming the epithelium of rat mammary gland and that estrogen is a promoting factor as well as an initiator in rat mammary cancer carcinogenesis.
The 21-day-old rat mammary gland consists mainly of TEBs. Fig. 1A shows the histological section of the mammary gland tissue of a 21-day-old female control rat. There are numerous TEBs but no ABs present at this age. A normal rat mammary gland is composed of main lactiferous ducts that cleave into ABs. In the histologic section of a control 44-day-old rat mammary gland the structures of a normal rat mammary gland can be seen: a main lactiferous duct that was cleaved into ABs and that has evolved into lobules (Fig. 1B) . Eserine induced a significant increase in the number of TEBs after 10-day treatment. Representative images of an alveolar bud (Fig. 1C) , which were almost absent, and TEB (Fig. 1D ) from an eserine-treated 21-day-old rat are shown. There were no ABs present in these animals. A representative TEB of a 44-day-old eserine-treated rat, where TEBs were prominent in size, is shown in Fig. 1D .
Enzymatic digestion of rat mammary gland to obtain the TEB and AB structures isolated from animals treated with eserine in vivo for 10 days showed that there was no significant difference in the density of TEBs and ABs between 21-dayold control and eserine-treated animals ( Fig. 2A) . However, enzymatic digestion of a 44-day-old rat mammary gland yielded a significant (p<0.05) greater density of TEBs in the eserine-treated animals in comparison to control. There was a significant (p<0.01) decrease in the density of ABs in the eserine-treated animals. The number of ABs was significantly (p<0.01) greater than the TEBs in the control groups. Bars in Fig. 2A represent the mean ± SE of the effect of eserine treatment on the number of structures isolated from 21-and 44-day-old rat mammary glands after 10-day treatment.
Further enzymatic digestion of TEBs and ABs from 44-day-old rat mammary gland yielded isolated cells in control and eserine-treated groups. Quantification of the total number of cells per dish of 14-day cultures derived from control and eserine-treated animals is presented in Fig. 2B . Cells from ABs did not grow under these conditions. However, cells derived from TEBs from eserine-treated animals significantly (p<0.05) increased in number in comparison to control. Determination of DNA synthesis is shown in Fig. 2C . Results indicated that [ 3 H]-thymidine incorporation into DNA was significantly (p<0.05) higher in cells derived from TEBs from treated animals than from control animals. An anchorage independent assay was performed with cells derived from TEBs and ABs from 44-day-old animals treated with eserine. There was no formation of colonies in cultures with cells derived either from TEBs and ABs from the control group (Fig. 2D) , or from ABs from the experimental group. However, cells derived from TEBs induced 43% colony formation in the presence of eserine. 10 days of eserine treatment was found in comparison to controls as seen in Fig. 3A and B, respectively. However, there was a (p<0.05) significant increase in the number of cells per duct in the eserine-treated animals in comparison to the control (Fig. 3C) . Histomorphometric analysis was performed in histological sections of 44-day-old rat mammary glands to analyze the effect of 10-day eserine treatment followed by injections of estrogen for 30 days. Fig. 3D and E shows the effect of eserine on the number of lobules per duct, alveoli per lobule and cells per duct, respectively. Results showed that there was a significant (p<0.05) decrease in the number of lobules per duct (Fig. 3D ) and alveoli per lobule (Fig. 3E ) after 40-day eserine treatment. However, there was a significant (p<0.05) increase in the number of cells per duct in the eserine followed by estrogen treatment in comparison to control and eserine groups (Fig. 3F) . A representative image of ABs of prominent size, of eserine followed by estrogen treatment 44-day-old animals can be seen in Fig. 4A. Fig. 4B is a higher magnification of the proliferative ducts found in Fig. 4A . During the 10-month period of observation of 17ß estradiol-treated animals it was found that two out of 12 animals developed mammary tumors. Such tumors were localized in the abdominal region (Fig. 4C) . The sizes varied between 30 and 39 cm 3 with a latency of 180 and 245 days, respectively. The histological analysis revealed that these tumors were adenocarcinomas, grossly nodular and encapsulated with abnormal epithelial cell growth (Fig. 4D) .
Discussion
The susceptibility of the mammary gland to malignant transformation has been related to its degree of development and proliferative activity (10) . It has been shown that the high susceptibility of the TEBs to malignant transformation is attributed to the kinetic cell properties of the epithelium of the rat mammary gland. Understanding the process of carcinogenesis can be achieved by using adequate in vivo and in vitro model systems. This study aimed to determine the effect of eserine and estrogen on cell proliferation of the epithelium of mammary gland in rats of 21 and 44 days of age. Cell proliferation in the mammary gland relates significantly to age and hormones levels. In the lifespan of the rat the highest concentration of TEBs is found at 21 days of age. The main regulating factor in the TEB development is the secretion of ovarian and placental hormones, which in their sequential appearance stimulate these structures to proliferate and cleave into ABs that evolve into secretary lobules of the lactating breast. The present study indicates that mammary gland structures isolated by enzymatic digestion from 21-dayold animals showed no significant difference in the density of TEBs and ABs in the 10-day eserine-treated animals in comparison to controls. However, there was greater density of TEBs in the 10-day eserine-treated rats in comparison to controls of 44-day-old animals. The number of ABs was significantly greater than TEBs in the 44-day-old control rats. This observation suggested that, as seen as in the control animals, eserine inhibited the normal process of differentiation from TEBs to ABs. These important observations corroborate that those structures which are considered equivalent to the terminal ductal lobular unit described in the human breast, are critical in mammary cancer (10, 11) . We have previously reported that eserine, an acetylcholinesterase inhibitor, as are organophosphorous pesticides, induced tumor formation in a specific target organ, such as the mammary gland (30) .
Cells isolated by enzymatic digestion derived from 44-day-old eserine-treated animals significantly increased in number and DNA synthesis in TEBs cultured for 14 days in comparison to control, after 5 days in culture. ABs did not grow under these conditions. Reports have shown that DNA-LI among young virgin rats was much higher than among old virgin rats (10, 11) . The TEBs of young virgin rats had a cell cycle of an average length of 11 h, lengthening to 21 and 28 h in the terminal ducts and ABs, respectively. Cell kinetic parameters varied among the different compartments of the breast in the human female and were affected by age and gland topography (31) .
Samples of normal human breast tissue were previously studied in organ culture systems (32) (33) (34) (35) . Such results indicated important differences among the mammary glands of young and old women (32, 33) . DNA synthesis was higher in the intralobular terminal ducts and lower in alveoli and main ducts. The high rate of cell proliferation was associated with the shortened length of the cell cycle. The length of the cell cycle in these structures increased from 200.3 to 847.0 h in the older women (31) . The effects of the early years of a woman's life have a significant influence on the process of carcinogenesis. Breast tissue seems to be very sensitive to ionizing radiation when exposure occurs between the ages of 15 and 19 years (36) .
An anchorage independent assay was performed with cells derived from TEBs of ABs of 44-day-old animals. Cells derived from TEBs of the eserine-treated group induced colony formation. However, ABs did not form any colony. These results suggest that cells were transformed by the eserine treatment, corroborating other studies where this assay has been used for this purpose (20, 24) . These results are in agreement with previous reports that acquisition of anchorageindependent growth is considered one of the most frequent phenotypic alterations in carcinogen-exposed or oncogenetransfected mammary cells (37, 38) .
Histological examination of mammary tissue of 44-dayold rats showed that control rats had normal lobule formation. However, there were no ABs in the 44-day-old eserine-treated animals. Furthermore, a significant decrease in the number of lobules per duct and number of alveoli per lobule was found after 10 days of in vivo eserine treatment as well as 10-day eserine treatment followed by 30 daily injections of estrogen in comparison to control. Interestingly, there was a significant increase in the number of cells per duct of 44-day-old rat mammary gland in the 10-day eserine treatment and 10-day eserine treatment followed by 30 daily injections of estrogen animals in comparison to control. These results suggest that ducts are the structures related with cell transformation in this model.
Eserine and estrogens, as well as organophosphorous pesticides malathion and parathion, seem to act on undifferentiated structures, TEBs. The formation of tumors in the eserine-treated animals correlated with the greater density of TEBs in the mammary gland present in 44-day-old treated animals (30) . The concomitant increase in the area of ABs and lack of tumors in the control animals corroborated another studies (39) . Our present data suggest that TEBs are major targets for chemical carcinogenesis in the rat mammary gland. This phenomenon was also seen in malathion-and parathiontreated rats before those structures were transformed in tumors (30) . Eserine induced changes in the DNA synthesis of the rat submandibular gland after 5-day in vivo treatment, which confirmed the proliferative effect of this substance (28) .
In the present study two mammary tumors were developed by the direct effect of 17ß estradiol in 12 rats injected at 39 days of age with a latency period of 180 and 245 days, respectively. Similarly to the case of DMBA-induced tumors the yield with eserine and estrogen treatment was only observed when the carcinogen was given to the rats at 39 days of age. The estrogen seems to act as an initiator in rat mammary cancer. The process of initiation occurred primarily in the epithelium of TEBs while such structures were developing into ABs. The chemical carcinogen DMBA in Sprague-Dawley rats (12, 39) induced mammary carcinomas in 100% of the animals with a latency period of 86 days. Others (13, 14) reported tumor formation with a single administration of NMU in mammary gland with similar latency. In contrast to these potent carcinogens, eserine and estrogen seem to have a slow and less infiltrating and potent effect. Eserine induced 8.6% of mammary gland tumors (30) whereas estrogen induced double the percentage of such tumors (16%). The latency of eserine was 488 days whereas estrogen reduced such latency to half the time (212 days).
A number of agents have been shown to induce mammary carcinogenesis in rats and premalignant stages of the disease have been well characterized in chemically-induced models, specifically those initiated by either DMBA or NMU (40) . In general, it appears that epithelial cells in mammary TEBs are the targets of carcinogenic initiation, and that a series of morphologically identifiable steps are involved in the development of mammary carcinoma. The premalignant steps include ductal hyperplasia of the usual type and carcinoma in situ of the cribiform or comedo type. Thus, the histogenesis of lesions occurring in eserine-and estrogeninduced mammary carcinogenesis in the rat is similar to that observed in the human.
There is an increasing body of experimental and clinical data supporting the involvement of estrogen on proliferation of hormone-dependent breast tumors. Estrogens play an important ONCOLOGY REPORTS 17: 25-33, 2007 role in regulating the growth and differentiation of normal, premalignant and malignant cell types, especially breast epithelial cells (42) , among them 17ß estradiol is considered the primary mitogen for breast tissue (41) . It has been reported that long-term exposure to estradiol increased the risk of breast cancer in a variety of animal species, as well as in women (43) . In experimental animal models estrogens can induce mammary cancer (44) . Estrogens can also mediate endothelial proliferation and differentiation and have been involved in estradiol-driven pathways of blood vessel assembly (45) . Breast tumor tissue has also been shown to have an increased concentration of estradiol compared with serum levels (46) .
It was previously reported that 17ß estradiol increased the growth fraction of mammary epithelial cells (the total compartments of the cells engaged in the cell cycle), DNA-LI, the length of S phase and the total length of the cell cycle after 5 days in culture in comparison to the control (34) . This hormone increased DNA synthesis, as shown by DNA-LI and [
3 H]-thymidine incorporation into DNA in a 5-day organ culture, of fibrocystic disease lesions as well as carcinomas in situ of premenopausal women (29) .
It can be concluded that eserine and estrogen play a crucial role in the cell proliferation and transformation of rat mammary gland by inducing the cell proliferation and then the formation of mammary tumors. This investigation of mammary gland susceptibility to an acetylcholinesterase inhibitor as well as estrogens, using a rat model, is important for understanding the biological and molecular characteristics of this disease.
